In recent years, silica nanoparticle aggregates (SNPAs) have been used to decrease the injection pressure of wells in low permeability reservoirs achieving good results. In order to study the mechanisms for reduction in the injection pressure of low permeability wells by the SNPA-diesel oil system injection, the microstructure of SNPAs was observed with a transmission electron microscope (TEM). The particle size distribution of SNPAs was also measured by the laser scattering method. The viscosities of diesel oil and SNPA-diesel oil system were measured with a capillary viscometer. The effect of SNPAs on the solubility of wax in the diesel oil was experimentally studied. The infl uencing factors, including temperature and SNPA concentration in diesel oil, on wax solubility were analyzed. A pore-throat fi lm displacement model (PTFDM) was built for mechanism explanation. The microstructure and size distribution analyses show that the SNPAs are in the nanometer size range. The viscosity of the SNPA-diesel oil system is lower than that of the diesel oil. The solubility of wax in the diesel oil increases greatly due to SNPA addition, the solubility ratio reaches 7.5. The solubility of wax in diesel oil increases with increases in the concentration of SNPAs in the diesel oil and with the temperature. It is proved that the addition of SNPAs to diesel oil helps remove the wax deposited near the wellbore. This maybe one of the main mechanisms for injection pressure decreases in low permeability reservoirs.
Introduction
Silica nanoparticle aggregates (SNPAs), are inorganic powders with high specifi c surface area and a large number of unsaturated bonds. SiO 2 nanoparticles have been used in a wide range of applications, such as paper coating additives and polymerization (Huang et al, 1995; Qing et al, 2000; Jin et al, 2002; Yuan et al, 2006) . Silica nanoparticle aggregates (SNPAs) are aggregates of SiO 2 nanoparticles, and their surfaces are chemically modified with methyl alkane or dimethyl alkane under X-ray radiation.
In recent years, SNPAs have been used for decreasing the injection pressure in low permeability reservoirs. Experimental studies and field tests have been conducted (Ju et al, 2002; Su et al, 2002; Lu et al, 2003; Yang et al, 2003; Zhang et al, 2003; Gao, 2004; Hong, 2004; Chen et al, 2005; Liu et al, 2005; Yi et al, 2005; Cheng et al, 2006; Lü and Zhang, 2006; Sun and Wang, 2008) . The fluid carrying SNPAs from the surface to the bottom of the injection well is diesel oil. The main reasons for a decrease in injection pressure are the rock wettability change and the increase in the water relative permeability (Ju et al, 2002; Su et al, 2002; Hong, 2004; Cao et al, 2005) . Up to now, studies (Ju et al, 2002; Su et al, 2002; Hong, 2004; Cao et al, 2005) can explain neither the excellent results nor the failure for some wells.
The oil produced from low permeability reservoirs often contains wax. The oil production is seriously affected by wax precipitation near the wellbore. Liu et al (2005) studied the effect of SNPAs on the solution of organic blocking material (such as asphalt). In our earlier study (Sun and Wang, 2008) , the microstructure of SNPAs was observed and the effect of SNPAs on diesel oil viscosity and clay swelling was studied. In this study, the size distribution of SNPAs in diesel oil was measured and the effect of SNPAs on wax dissolution in diesel oils was experimentally studied.
Experimental

Materials
Powdered silica nanoparticle aggregates (SNPAs) were
The dissolution of wax in the SNPA-diesel oil system
Diesel oil is also used as a solvent to clean and remove the wax deposited in the wellbore. The effect of SNPAs on the wax solubility in the diesel oil was experimentally investigated at different temperatures. Fig. 5 shows the solubility of wax in the diesel oil and in the SNPA-diesel oil system at 20-70 ºC. The wax solubility in the SNPA-diesel oil system was signifi cantly higher than that in the diesel oil at 20-70 ºC. The solubility of wax in the SNPA-diesel oil system increased with an increase in SNPA concentration in the diesel oil. However, when the SNPA concentration increased from 3.0 to 5.0 mg/L, the solubility of wax increased slightly. Fig. 6 presents the plot of the solubility ratio versus temperature. The solubility ratio of wax was 1.5-7.5 when the temperature was 20-70 ºC. The solubility ratio of wax decreased with an increase in temperature. A comparison between Fig. 5 and Fig. 6 indicated that the wax solubility in the diesel oil and in the SNPA-diesel oil system increased with temperature, but the solubility ratio decreased with temperature.
Discussion
The effect of SNPAs on wax dissolution
The SNPAs are aggregates with an organic part and an inorganic part. When SNPAs disperse in the diesel oil, their inorganic groups are at the nanometer level and have many unsaturated bonds, which very actively absorb wax crystals or act as wax crystal nuclei, thus the wax crystals will disperse effectively in the diesel oil with SNPAs. The organic groups in the SNPAs extend in the diesel oil. This helps prevent the aggregation and growth of the wax crystals. So the solubility of wax in the diesel oil increases with an increase in the SNPA concentration. The SNPA-diesel oil system would dissolve and then remove the wax deposited near the wellbore more effi ciently than straight diesel oil. This would decrease the well injection pressure.
The fi lm change mechanism after SNPA injection
In an oil reservoir, the water-wet rocks have surface where the molecular forces between water and the surface are greater than the molecular forces between oil and the same surface, so the pore and pore throat surfaces are covered by water fi lms, as shown in Fig. 7 . The water fi lms will narrow the fluid-flow pathway, especially in the pore throats. This would block the fl uid fl ow from the reservoir to the wellbore and then increase the injection pressure.
When the SNPA-diesel oil system is injected into the reservoir, the water films will be displaced by the SNPAdiesel oil system and new SNPA-diesel oil system fi lms will be absorbed on the pore walls, as shown in Fig. 8 . This will enlarge the fluid-flow pathway and decrease the injection pressure. 
Conclusions
1) The viscosity of SNPA-diesel oil system was lower than that of the diesel oil.
2) The solubility of wax in the diesel oil increased dramatically with the addition of SNPAs and the solubility ratio was 1.5-7.5.
3) The solubility of wax in the diesel oil increased with an increase in the concentration of SNPAs in the diesel oil.
4) The viscosity reduction, the film changes, and the increase in the solubility of wax may be the main reasons for injection pressure decrease.
